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Abstract: Polyaromatic hydrocarbons (PAHs) present a challenge to bioremediation because they are hydrophobic, thus
inﬂuencing the water availability and repellency of soil. The addition of diﬀerent concentrations of the PAH, anthracene,
showed it to induce moderate levels of repellency. We investigated the eﬃcacy of three basidiomycete fungal species on
improving the wettability of soil by reducing repellency caused by contamination of soil with 7 ppm anthracene. A microcosm
system was used that enabled determination of the impact of fungi on wettability at three locations down a 30 mm deep
repacked soil core. Before incubation with fungi, the contaminated soil had a repellency of R = 3.12 ± 0.08 (s.e.). After 28
days incubation, Coriolus versicolor caused a signiﬁcant reduction in repellency to R = 1.79 ± 0.35 (P < 0.001) for the top
section of the soil in a microcosm. Phanerochaete chrysosporium and Phlebia radiata did not inﬂuence repellency. None of
the fungi had an eﬀect at 20 mm depth.
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Introduction
Soil fungi may inﬂuence abiotic properties of their en-
vironment through the production or decomposition of
hydrophilic and hydrophobic organic compounds that
inﬂuence water transport and retention (Feeney et al.,
2006; Czarnes et al., 2000; Roper, 2004). These pro-
cesses will aﬀect water availability to plants and mi-
crobes, pollutant transport through bypass ﬂow, rain-
fall inﬁltration and overland runoﬀ, and the stability of
the soil structure by reducing slaking stresses imposed
by rapid wetting (Hallett & Young, 1999). They
may also promote the biodegradation of hydrophobic
contaminants in soil, such as polycyclic aromatic hy-
drocarbons (PAHs) (Johnsen et al., 2005).
Contamination of soil with PAHs may also in-
duce repellency on surfaces coated with these hy-
drophobic chemicals (Mulligan, 2005). In soil, this
will inﬂuence water availability to plants and micro-
organisms, reducing its capacity to support biological
processes (Chaudhry et al., 2005). Many studies have
shown that non-native, white-rot, wood decaying basid-
iomycete fungi are eﬀective at degrading these contam-
inants in controlled laboratory experiments (Li et al.,
2005; Mollea et al., 2005). Other studies have shown
that treating soil with surfactants reduces repellency
levels and accelerates degradation rates (Mulligan,
2005). No study to date has examined the inﬂuence of
introduced basidiomycetes on repellency levels in PAH
contaminated soil.
This study investigated the impact of non-native
ligninolytic basidiomycete fungi on spatial changes to
soil water repellency in soil contaminated with the PAH
anthracene. We evaluated the eﬀectiveness of 3 diﬀer-
ent basidiomycetes to evaluate whether these organisms
improve wettability by reducing hydrophobicity. Three
extensively researched basidiomycete species capable
of metabolizing PAHs were investigated, namely, the
white-rot fungi Phanerochaete chrysosporium, Corio-
lus versicolor and Phlebia radiata. The studies were
conducted in a microcosm system described byWhite
et al. (2000) in which the spatial proliferation of fungi
from a deﬁned inoculation point can be assessed. We
hypothesised that basidiomycetes will eﬀectively reduce
repellency levels in PAH contaminated soil.
Material and methods
Soil
The soil was derived from undiﬀerentiated sandstone (Car-
pow series) comprising 71% sand, 19% silt, and 10% clay
with a pH (H2O) of 6.2. The carbon concentration was 2.83
± 0.1% (s.e.) and nitrogen concentration was 0.18 ± 0.00%,
resulting in a C:N of 16.0. Soil was sampled from the top
100 mm of a one metre quadrat. The water content at the
time of sampling was 29 g 100 g−1, giving the soil a plastic
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consistency, so before handling it was dried at ambient tem-
perature to 20.53 g 100 g−1. It was then passed through a
2 mm sieve, mixed thoroughly, and stored for 2 days at 4◦C
to improve water distribution.
Fungal inocula
Cultures of P. chrysosporium BURDS. (strain BKMF 1767
MT), C. versicolor (L ex FR) QUELET (strain FPRL 28A)
and P. radiata (natural isolate from the Forest of Dean,
UK) were maintained on 2% (w/v) malt extract agar (MEA:
20 g Oxoid malt extract and 10 g Oxoid agar in 1 l distilled
H2O) in plastic Petri dishes at 20◦C.
Microcosm inocula for the sterile soil and natural
soil experiments, were prepared by inoculating sterile sand
slopes containing 17 g of acid washed sand and 5 ml of 2%
(w/v) malt extract (ME: 20 g Oxoid malt extract in 1 L
distilled H2O) with 5 mm cores of actively growing MEA
cultures. Following incubation for 19 days at 25◦C, the su-
pernatant was prepared according to WHITE et al. (2000),
and 700 µL portions used as inoculum for each microcosm.
Inocula for the anthracene contaminated soil experi-
ment were prepared by inoculating 1.5 g portions of a ster-
ilised mixture of hard and soft wood sawdust wetted with
6 ml distilled water, with a 15 mm core of actively growing
MEA culture for 2 weeks.
Polycyclic aromatic hydrocarbon
Anthracene has been used extensively in studies of PAH
biodegradation in soil (BONNET et al., 2005; JOHNSEN et
al., 2005). A 1:30 anthracene to dimethyl sulfoxide (DMSO)
stock solution was formed at 80◦C to facilitate homogeneous
mixing of the contaminant in soil. This solution was diluted
further with DMSO to provide soil contaminant levels of
0.07, 0.7, 7, and 70 ppm anthracene in soil. The amount
of DMSO added was kept constant for all anthracene con-
centrations. Aliquots (12.5 g) of the contaminated soil plus
1.5 g uninoculated sawdust mixture was packed into a 32
mm diameter and 10 mm height plastic ring and then dried
at 40◦C. Water repellency was assessed using the approach
described below. This provided a calibration of anthracene
contamination level versus water repellency for the soil used
for the microcosm studies. We used a concentration of 7 ppm
anthracene, with soils prepared in the same way described
above, for subsequent tests as this induced signiﬁcant water
repellency.
Tests on Petri dishes provided independent veriﬁcation
that the three fungal species could grow in the presence
of 7 ppm anthracene. The fungi were ﬁrst grown on MEA
agar plates and then a 10 mm core was removed aseptically
using a cork borer. The core was placed in the centre of a
Petri dish split into three isolated sections containing (1)
tap-water agar, (2) 7 ppm anthracene mixed homogenously
with tap-water agar, and (3) 7 ppm anthracene applied to
the surface of the tap-water agar. All ppmmeasurements are
based on the total mass of soil or agar. The last treatment
simulated the potential heterogeneous distribution of PAHs
on macropore walls in soil, where local concentrations may
far exceed levels evaluated for bulk samples. Inhibition of
fungi was assessed by visually comparing fungal growth on
the contaminated sections with the uncontaminated control
section.
Microcosm experiments
Microcosms consisted of four 32 mm diameter and 10 mm
height plastic rings that were taped together. The three
lower rings of the microcosm were packed with a homoge-
nous mixture of 12.5 g (wet mass) of soil, 1.5 g of sawdust
inocula and 7 ppm anthracene. The soil had a total poros-
ity of 49%, comprised of 26% water ﬁlled pores, and 23%
air-ﬁlled pores. The bottom of the microcosm was sealed
with aluminium foil and a sterile foam bung was placed in
the top ring, which was not ﬁlled with soil, to minimise
evaporation. There were ﬁve treatments, including each of
the 3 fungi species, a control amended with sawdust and
a control with no sawdust. Five replicates were formed for
each treatment. The microcosms were incubated at 20◦C in
a controlled temperature room for 28 days.
The soil water retention characteristics of a packed mi-
crocosm section were evaluated using a Haines Apparatus
where water outﬂow from a saturated sample was recorded
over a range of decreasing water potentials. This allowed for
the water potential and degree of pore saturation at testing
to be determined.
Assessing water repellency
At the end of incubation, the microcosm sections were sep-
arated by cutting them apart with a spatula and then oven
dried at 40◦C. The sampling points were the top surface of
the top and bottom soil sections. Water repellency was mea-
sured using the technique of HALLETT & YOUNG (1999),
which provides quantiﬁed data on how hydrophobicity re-
duces water ﬂow. The approach measures liquid outﬂow
from a small diameter tube (4 mm) into which a sponge
is inserted to provide good soil contact and to allow for the
establishment of a negative head. Tests were conducted at a
constant head of –20 mm to reduce the inﬂuence of macro-
pore ﬂow and to allow for the evaluation of sorptivity.
Water repellency, R, can be determined from the sorp-
tivity of water and ethanol because the liquids have diﬀerent
liquid:solid surface energies. Ethanol will readily inﬁltrate
into a hydrophobic soil whereas water will not. By taking
into account the diﬀerences in surface tension and viscosity,
R was evaluated as
R = 1.95
SEthanol
SWater
,
where the sorptivity, S, is a physical measure of the rate
of liquid uptake by the soil (HALLETT & YOUNG, 1999).
Totally non-repellent soil has an R = 1.0.
Results
Fungal growth in the presence of anthracene
An examination of colony diameters of the fungi in the
Petri dish tests provided veriﬁcation that P. chrysopo-
rium, P. radiata and C. versicolor were not inhibited
by 7 ppm anthracene mixed homogeneously with or ap-
plied to the surface of tap-water agar. Neither the rate
of extension nor hyphal length was diminished by the
presence of anthracene (P > 0.10).
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Fig. 1. Water retention characteristics of Bullion Field soil packed
into microcosm sections. The dashed line indicates the water con-
tent and matric potential of the soil at testing (the standard er-
rors are shown).
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Fig. 2. Inﬂuence of anthracene concentration in soil on water
repellency (the standard errors are shown).
Soil characteristics
The water retention characteristics of the soil packed to
a density of 1.3 g cm−3 in the microcosm are illustrated
in Fig. 1. At a water potential of about –2.5 kPa, a sec-
ondary stage of drainage occurs. The water content at
the beginning of incubation was 20.53 g 100 g−1 (26.69
m3 m−3). This corresponded to a degree of saturation
of 0.52 and –30 kPa matric potential, which will allow
for adequate oxygen exchange and water availability to
facilitate microbial growth. Water loss from the begin-
ning to end of incubation was less than 2 g 100 g−1.
Anthracene
All statistical analyses used the treatment of soil + saw-
dust as the control for comparison, as all soils amended
with fungi also contained sawdust. Anthracene contam-
ination increased the repellency of the soil examined,
with R being highly correlated to the anthracene con-
centration (r2 = 0.98, Fig. 2). At 7 ppm, repellency
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Fig. 3. Inﬂuence of inoculation with white-rot fungi on the water
sorptivity of soil contaminated with 7 ppm anthracene in upper
10 mm (black) and bottom 20 mm (grey) section of microcosm
(the standard errors are shown).
Pre
-
Inc
uba
tion
Soi
l On
ly
Soi
l + 
Saw
dus
t
C. v
ers
ico
lor
P c
hyr
so
spo
rium
P. r
adi
ata
Re
pe
lle
nc
y,
 
R
0.0
2.0
4.0
6.0
8.0
Fig. 4. Inﬂuence of inoculation with white-rot fungi on the repel-
lency level of soil contaminated with 7 ppm anthracene in upper
10 mm (black) and bottom 20 mm (grey) section of microcosm
(the standard errors are shown).
increased by over 250% with R > 3, suggesting that
reduced water availability may inﬂuence biological pro-
cesses in the soil. In the incubated soil cores, ethanol
sorptivity was not signiﬁcantly diﬀerent between treat-
ments or location in the microcosm (P > 0.10), with an
average of 0.82 ± 0.03 mm s−1/2. However, water sorp-
tivity varied signiﬁcantly for both species and location
in the microcosm (P < 0.001; Fig. 3). This was also
reﬂected in the impact on repellency (Fig. 4). Analysis
of each location independently shows that there was a
signiﬁcant eﬀect of the fungal species in the top section
(P < 0.01) but not in the bottom sections (P > 0.10)
in comparison to the soil + sawdust control. Whilst
the microcosms with no inoculum (soil + sawdust), P.
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chrysoporium and P. radiata have increasing R levels
throughout, inoculation with C. versicolor reduced R
in the top section (Fig. 4). The addition of sawdust
also inﬂuenced water sorptivity and consequently re-
pellency, but this eﬀect diminished greatest when the
sawdust was inoculated with C. versicolor.
Discussion
The increase in repellency caused by contamination
with 7 ppm anthracene had an impact on water re-
pellency of the soil, thereby decreasing wettability, the
availability of water to microbes and the eﬀectiveness
of microbes at bioremediation. This level of contami-
nation did not appear to impede the growth of any of
the fungi examined in this study. Bonnet et al. (2005)
showed that anthracene actually had a fungistatic eﬀect
in the presence of P. chrysoporium. However, only C.
versicolor was found to cause a signiﬁcant reduction in
the repellency of anthracene contaminated soil in com-
parison to the control soil that was amended with the
sawdust inoculum but not fungi. This occurred just for
the top surface of the microcosm and not at 20 mm
depth, indicating signiﬁcant spatial variability, proba-
bly caused by oxygen availability. Inoculation with P.
chrysoporium and P. radiata did not inﬂuence repel-
lency in the top section.
White et al. (2000) found that C. versicolor and
P. chrysoporium could induce water repellency in soil,
with the former species inducing greater levels. This
suggests C. versicolor can both induce and reduce wa-
ter repellency depending on the soil environment. It
is therefore diﬃcult to relate the changes in water re-
pellency found in this study with the degradation of
anthracene. Native and introduced fungi could have
induced water repellency through the decomposition
of the sawdust inoculum and other carbon sources in
the soil (White et al., 2000). Speciﬁc analysis of an-
thracene concentrations would be required to determine
the eﬀectiveness of the diﬀerent fungi in the bioremedi-
ation of anthracene, although the results suggest that
C. versicolor will have the most positive impact on the
soil environment. Our study also found that amending
soil with sawdust, the carrier that was used for the in-
ocula, caused repellency to increase, possibly because
of metabolite production during decomposition of the
sawdust by native micro-organisms.
It was surprising that P. chrysoporium did not in-
ﬂuence repellency, as previous work has found this fun-
gus to be eﬀective at degrading PAHs in soil at concen-
trations ranging from 7 ppm to 600 ppm (Mollea et
al., 2005). Research by Novotny et al. (2004) showed
that both P. chrysoporium and C. versicolor produce
elevated levels of enzymes that are important to PAH
degradation if grown in PAH contaminated systems.
Research on the bioremediation of PAHs should
consider the impact native and introduced organisms
on changing water repellency. This is a relatively easy
soil property to measure and this information will help
understand an improvement of the soil biological envi-
ronment that could promote PAH degradation. More-
over, the impact of biosurfactants on repellency requires
investigation. Work in this area should also relate the
biomass of the introduced and native fungi to changes
in anthracene concentration, the production of enzymes
important to PAH degradation and water repellency.
The eﬀectiveness of other micro-organisms should also
be investigated. Wax-degrading bacteria have already
been shown by Roper (2006) to be eﬀective at reducing
naturally occurring water repellency so these organisms
may also be beneﬁcial to the bioremediation of PAHs.
Conclusion
The PAH anthracene was found to induce water repel-
lency in soil, which could be lowered by inoculating soil
with the white-rot fungus C. versicolor. The impact was
spatially variable, as surface soil was inﬂuenced but not
soil at 20 mm depth. P. chrysoporium and P. radiata,
however, did not inﬂuence repellency even on the soil
surface, either because these fungal species did not de-
grade anthracene or produced other hydrophobic sub-
stances.
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